The Sigma Receptor as a Ligand-Regulated Auxiliary Potassium Channel Subunit sterol isomerase. Initially, hydropathy analysis of the deduced amino acid sequence suggested a single transmembrane segment. However, the present study pre- 
). In cells coexpressing channels and sigma receptors, the K ϩ currents were highly sensitive to sigma receptor ligands. By contrast, the modulation Currents through K ϩ channels formed by Kv1.4 or Kv1.5 were evoked by 900 ms voltage pulses to 50 mV, following a 200 ms conditioning pulse from Ϫ80 mV to Ϫ120 mV (pulse sequence shown schematically below). In oocytes expressing only a K ϩ channel, 100 M SKF 10047 slightly reduced outward current in both Kv1.4 (A) and Kv1.5 (B). In oocytes expressing a K ϩ channel and the sigma receptor, SKF10047 reduced outward current by more than half in both Kv1.4 (C) and Kv1.5 (D). In oocytes expressing K ϩ channels and injected with sigma receptor antisense mRNA, SKF10047 produced little, if any, reduction in outward current in both Kv1.4 (E) and Kv1.5 (F). In all experiments, the drug tests were recorded 2 min after adding 100 M SKF10047. Washes were recorded 30 min later after perfusing with control solution.
of recorded current by these ligands was very weak in sence of expressed sigma receptors could be due either to a direct but weak interaction of the ligand with the two cells expressing only K ϩ channels. In 75% of the 18 oocytes expressing only a voltage-gated K ϩ channel, K ϩ channels we are studying. Alternatively, endogenous Xenopus sigma receptor expressed in oocytes could the sigma receptor ligand SKF10047 failed to produce a detectible inhibition of outward current elicited by demediate the observed effect. To address this question, we attempted to suppress endogenous sigma receptor polarizing voltage pulses. In the remaining oocytes, a small amount of block was seen ( Figure 1A) . Similar production by injecting sigma receptor antisense RNA, together with Kv1.4 or Kv1.5 mRNA. Sigma receptor results were obtained with ditolyl-guanidine (DTG) (data not shown). In oocytes expressing only Kv1.5, the results ligands failed to modulate K ϩ channels to a detectible degree in all oocytes tested expressing Kv1.4 channels were similar ( Figure 1B) . SKF10047 failed to inhibit current in 70% of the oocytes expressing only Kv1.5 (n ϭ ( Figure 1E ). Antisense suppression was also seen in oocytes expressing Kv1.5 channels, but the suppression 20), and in the remaining oocytes, the inhibition was weak. Coexpression of K ϩ channels with sigma recepwas not complete, and a small amount of ligand-induced channel modulation was seen in 10% of the oocytes tors dramatically increased responses to ligands. SKF 10047 blocked K ϩ current by Ͼ50% in all oocytes extested ( Figure 1F ). The residual Kv1.5 channel current inhibition induced by SKF10047 was lower than the inhipressing sigma receptors, together with either Kv1.4 ( Figure 1C , n ϭ 22) or Kv1.5 ( Figure 1D , n ϭ 24). DTG bition seen without sigma receptor antisense RNA, but this difference was not statistically significant. However, was equally effective (data not shown). Sigma receptor ligands inhibited K ϩ current by an average of ‫%57ف‬ suppression of endogenous sigma receptor reduced responses to levels not significantly different from zero. when sigma receptor was expressed but by only ‫-21ف‬ 25% without sigma receptor (Figure 2) cyte system and in vivo. We compared other biophysical properties of Kv1.4 expressed with and without sigma receptors. Plots of another sigma receptor ligand, haloperidol. In light of current versus voltage showed that coexpression of the the present findings, it is likely that this result can be sigma receptor reduced the current at all voltages beattributed to the low levels of endogenous Xenopus tween Ϫ20 and 40 mV ( Figure 4A ). Normalizing to the sigma receptor. This interpretation is also consistent maximum current and dividing by the driving force (V Ϫ E K , assuming E K ϭ Ϫ80 mV) yielded plots of conductance with a previous demonstration of low levels of binding that allowed us to compare the voltage dependence of activity for a sigma receptor ligand in Xenopus oocytes channel activation ( Figure 4B ). These plots showed that (Yamamoto et al., 1999) . the presence of the sigma receptor had no effect on the channel activation curve. Additional support for this hypothesis derives from the finding that the sigma receptor alters were divided into duplicate, processed, and resolved channel function in the absence of ligand. The picture with SDS-PAGE. Western blots revealed the sigma rethat emerges from these studies is that the sigma recepceptor at ‫52ف‬ kDa in the sample immunoprecipitated tor associates with Kv1.4 channels, and within this comwith anti-Kv1.4 antibody, but not in the control sample plex, functionally relevant interactions take place be-( Figure 7B ). The interaction between Kv1.4 and sigma tween the two proteins. These interactions take on two receptor can thus be detected both in posterior pituitary forms. In the absence of a sigma receptor ligand, the nerve terminals and in the oocyte heterologous expressigma receptor accelerates voltage-dependent channel sion system. inactivation by a factor of ‫.3ف‬ In the presence of ligand, Based on the intensities of these bands, we estimate the interaction between the sigma receptor and Kv1.4 that our antibodies against Kv1.4 precipitated 92% of reduces peak current flow by ‫.%07ف‬ The ligand-indethe Kv1.4 protein in oocytes and coprecipitated 26% pendent interactions also reduce current amplitude of the total sigma receptor. In the posterior pituitary, through Kv1.4 channels, and since Sulfo-NHS-SS-biotin antibodies against Kv1.4 precipitated the same percentlabeling indicated that Kv1.4 surface expression was age of Kv1.4 protein (92%) but only coprecipitated 8% not reduced by coexpression with sigma receptor (lanes of the total sigma receptor. The intensity of the Kv1.4 9 and 10, Figure 6C ), it is likely that the lower current bands was12% and 16% of the intensity of the sigma amplitude is a consequence of the interaction between receptor bands in gels of oocyte and pituitary membrane these proteins. lysates, respectively. Thus, the sigma receptor is in 6-The functional changes brought about by coexpresto 8-fold excess over Kv1.4 in the two systems. This is sion and the demonstration that sigma receptors are likely to be one factor in the incomplete coprecipitation precipitated by antibodies against Kv1.4 indicates that of sigma receptors with Kv1.4. However, the lower perthese two proteins are part of a complex. Whether the centage of sigma receptor coprecipitation with Kv1.4 in two proteins adhere through a direct interaction or pituitary versus oocytes (8% and 26%) probably reflects through interactions with additional proteins cannot be the presence of additional ion channel targets in the answered at present. In Xenopus oocytes, the coprecipipituitary, such as the BK channel (Wilke et al., 1999a) . tation of the two exogenous proteins might be taken as The immunoprecipitated Kv1.4 from posterior pituevidence that the interaction does not require additional itary has a higher molecular mass ‫78ف(‬ kDa) than that proteins. However, it is possible that homologous Xenoexpressed in oocytes ‫37ف(‬ kDa). This is thought to be pus proteins substitute for additional signal transducing due to differences in glycosylation (Shi and Trimmer, proteins. This possibility is consistent with the finding 1999). In some blots of Kv1.4 from the posterior pituitary, that endogenous Xenopus sigma receptors support low multiple bands are observed at around 87 kDa, and this levels of channel modulation without exogenous sigma probably also reflects differences in glycosylation (data receptor (Figures 1 and 2) . The fact that the Xenopus not shown). The sigma receptor has a molecular mass sigma receptor can modulate rat channels indicates that of ‫52ف‬ kDa in both posterior pituitary and Xenopus ooother Xenopus proteins could also substitute for rodent cytes.
proteins in this transduction process. The involvement To evaluate the specificity of sigma receptor-Kv1.4 of additional proteins in the stabilization of the sigma coimmunoprecipitation, we tested the GIRK1 (G proteinreceptor-K ϩ channel complex is suggested by the recoupled receptor activated channel) channel for its abilcent report of a ternary complex between sigma recepity to coimmunoprecipitate with the sigma receptor in tors, IP 3 receptors, and ankyrin (Hayashi and Su, 2001), Xenopus oocytes. GIRK1 expression induced small but this complex was observed in the endoplasmic retic-K ϩ currents in oocytes, and these currents were not ulum and much of our data suggests that the sigma modulated by sigma receptor ligands, either in the presreceptor-Kv1.4 complex resides in the plasma memence or absence of sigma receptors (data not shown). Eugene, OR) for 1 hr in ND96, with 1% BSA at 18ЊC. The oocytes were then washed five times in ND96 and incubated in donkey antimRNA was synthesized from a T7 promoter using the mMESSAGE mMACHINE kit (Ambion, Austin, TX). Sigma receptor antisense RNA mouse IgG Texas red conjugate (Jackson ImmunoResearch) for 1 hr in ND96 with 1% BSA at 18ЊC. The oocytes were washed five more was generated using a pGH19 vector and synthesized from an SP6 promoter using the same kit. RNA was diluted in sterile water to times in ND96, after which Texas red fluorescence was visualized by confocal microscopy. different ratios to give upon expression an optimal 5-50 A outward current for depolarizing steps to 40 mV. Oocytes were cultured at 18ЊC in ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1. Kv1.4, or GFP (4 days postinjection) were incubated for 30 min in either ND96 or ND96 ϩ 0.5% acetone (permeabilization agent) at 16ЊC, followed by three washes in ND96. The oocytes were subseSigma-GFP Fusion Constructs Sigma receptor-GFP fusion constructs were prepared by PCR, with quently incubated in 10 mM EZ link Sulfo-NHS-SS-biotin (Pierce Biochemicals) in ND96 for 10 min at 16ЊC, followed by three washes six extra bases between the sigma receptor and the GFP sequences (encoding glu-phe). GFP was fused either to the N terminus of the in IP buffer to neutralize the surface label. Ten oocytes each were suspended in 400 l of fresh IP buffer ϩ proteinase inhibitor cocktail sigma receptor (N-GFP-Sigma) or the C terminus (C-GFP-Sigma) and subcloned into the pGH19 Xenopus oocyte RNA transcription (used in immunoprecipitation), and membrane lysates were prepared as described above. The preparations were divided in two vector. GFP was fused to the C terminus of Kv1.4 by the same procedure. Constructs were confirmed by DNA sequencing and and either 20 l of strepavidin immobilized to beaded agarose (Sigma) was added or agarose beads alone were added, and the restriction enzyme digestion. These fusion proteins were expressed by procedures described above, and the oocytes were used for preparations were incubated at 4ЊC for 4 hr with gentle rocking. These preparations were subsequently processed using IMMUNOexperiments 4 days after injection. 
